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Quantum electrodynamics (QED) cascades (also called avalanches or showers)1,2 occur when electrons or pos-
itrons radiate hard photons during acceleration or deceleration by strong electromagnetic (EM) ields. hese 
emitted photons may then decay to an electron-positron (e−e+) pair in the strong EM ields. he created pairs 
can emit further photons, which can generate more pairs, and the number of pairs grows exponentially. Cascades 
initiated by high-energy cosmic rays are responsible for EM showers in the magnetospheres and atmospheres of 
planets3. QED cascades are assumed to be a key mechanism for the production of relativistic e−e+ plasmas and 
jets4–6, which are ubiquitous in many extreme astrophysical environments, such as black holes7, pulsars8, qua-
sars9, and are associated with violent emission of short-duration (milliseconds up to a few minutes) gamma-ray 
bursts10. Nevertheless, since the discovery of the relativistic e−e+ jets, it has been an unresolved issue on how they 
are formed and what their temperatures and compositions are9,11,12. Reproducing QED cascades and relativistic 
e−e+ jets in the laboratory may signiicantly enhance our understanding of these energetic astrophysical phenom-
ena. Furthermore, the intense bursts of γ-rays and pairs emitted during QED cascades could ind applications in 
nuclear and particle physics, medical imaging and materials science.
QED cascades will be accessible to upcoming 10 PW-scale laser facilities, such as the Extreme Light 
Infrastructure (ELI)13 and the Exawatt Center for Extreme Light Studies (XCELS)14, where the focused laser 
intensities are expected to reach ~1023–24 W/cm2. At these intensities, laser-matter interaction enters a new regime 
characterized by radiation dominated particle dynamics (i.e. dynamics where the radiation reaction force plays 
an important role)15–18, copious e−e+ pair production19–25 and associated QED cascade development26–29 that has 
attracted signiicant attention in the last decade30. Various EM conigurations have been proposed to initiate a 
cascade of γ-photons and pairs26–29,31–33. For example, Bell and Kirk26 proposed a coniguration composing of 
two circularly polarized counter-propagating lasers that may induce a QED cascade from seed electrons in the 
magnetic node. Fedotov et al.27 investigated the possibility that a single e−e+ pair, created by strong laser ield in 
vacuum, would develop an avalanche-like QED cascade, which may occur at threshold intensity of ~1025 W/cm2. 
More recently, the growth rate of electron-seeded QED cascades in counter-propagating lasers was studied in the 
framework of multi-dimensional particle-in-cell (PIC) simulations33.
Here we study e−e+ cascade saturation and the following nonlinear plasma dynamics with a simple conigura-
tion shown in Fig. 1A, where a thin foil is irradiated by two counter-propagating lasers. A scaling law for pair 
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growth is obtained as a function of laser intensity, showing that QED cascade saturation occurs at laser intensities 
21024 W/cm2. Such cascade saturation results in a dramatic increase of pair plasma density, which causes signii-
cant laser energy depletion as the pair plasma becomes opaque to the incident lasers. his inally leads to the 
emergence of some new high-ield phenomena, such as compression of the generated pair plasma and relativistic 
e−e+ jet formation.

ǦǤ he rate of an e−e+ cascades is determined by the quantum 
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i
e
m c uv i
v 2
e
3 4
 . Here i refers to the particle species of interest (either electron, 
positron, or γ-photon);  is the reduced Planck constant; c is the speed of light; Fuv is the electromagnetic tensor; 
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 in the ultrarelativistic limit, where εi is the particle’s energy, ⊥F  is the force acting perpen-
dicular to the particle’s direction of motion, and = E m c e/( )s e2 3  1.32 × 1018 V/m is the critical electric ield of 
QED35. In the scenario of laser foil interaction, QED cascades become important if electrons, on acceleration by 
the EM ield E of the laser, are able to emit γ-ray photons with 2χ
γ
1. his requires 2χ 1
e
, and since E Es, 
QED cascades need to be initiated by ultra-relativistic electrons. In the course of γ-photon emission, we have 
χ χ χ≈ −
γ
′
e e
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0
e
36, where χ
e
 and χ ′
e
 are the dynamical parameters for the electron before and ater 
emission, respectively. In the course of e−e+ pair creation, we have χ χ χ″ ≈ − ″
γp e
 and χ χ< ″ <
γ
0
p
, where χ ″
p
 
and χ ″
e
 are the dynamical parameters for the created positron and electron, respectively. hen the χ ″
p e,
 can be 
Figure 1. (A) Schematic of 2D simulation set-up used to study QED cascade saturation. (B) he number of 
e−e+ and γ-photons as a function of laser intensity (I0) at t = 13T0 (T0 ≈ 3.3 fs is the laser cycle) in 2D 
simulations. Only the γ-photons with energy higher than 1.022 MeV are counted. he magenta dashed line 
shows the estimates of Ne0 at diferent laser intensities. he blue and red meshed bands indicate the analytical 
calculations from Eqs (4) and (5) ater substituting the scaling function of Γ+ in (C). he band width is 
attributed to the variation of Ne0 caused by varying laser intensities from 10
23 to 3.2 × 1024 W/cm2. (C) Average 
cascade growth rate Γ+ (normalized to T0) for two diferent initial plasma densities as a function of laser 
intensity. he dashed line corresponds to the itting curve at plasma density of 280nc (nc = ω pim e/4e l
2 2 is the 
critical plasma density) and I24 = 10
24 W/cm2. (D) Temporally and spatially averaged quantum parameter χ
e
 of 
electrons as a function of laser intensity. he average χ
e
 is obtained by supposing that the produced electrons are 
located at the antinodes of the electric ield. In the absence of two QED processes, one can obtain the maximum 
χ ^ a a2 /
e max s0
2 33, which is shown by the green solid curve for comparison. Here a0 = ωeE m c/ e l is the normalized 
laser ield amplitude and as = ωm c /e l2  the normalized critical ield amplitude35.
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signiicantly smaller than the χ
e
 and the e−e+ pairs are produced with low energies. However, they can be acceler-
ated to high energies by the strong EM ield such that χ χ″ ^
p e e,
. Consequently, the created particles are able to 
emit further hard photons and the cascade proceeds.
We begin by studying the development of QED cascades over a wide range of laser intensities with two- and 
three-dimensional (2D and 3D) QED-PIC (particle-in-cell) simulations. he dependence of e−e+ and γ-ray yields 
on laser intensity (I0) is summarized in Fig. 1B. We see that the number of cascade particles grows rapidly as the 
laser intensity reaches a few 1023 W/cm2. he rapid increase is replaced by much slower growth when 2I0  1024 W/
cm2. According to the analysis of cascade particle dynamics27,37, we have developed an analytical model (see 
Methods) to describe the QED cascade and possible saturation efect in laser foil interactions. he dependence of 
Γ+ on laser intensity is shown in Fig. 1C. In 2D simulations the scaling its well with
Γ . − . .+  I I0 67exp( 1 1 / ) (1)24 0
Note that Γ+ is exponentially small in the quasi-classical limit for I0 < 10
23 W/cm2, indicating insigniicant 
QED efect. he Γ+ value reaches a saturation value when increasing the I0 to a few times I24. his suggests that the 
development of QED cascades approaches saturation and the exponential growth in particle number is quenched. 
Simulation results shown in Fig. 1B demonstrate this trend. We further compare the Γ+ in the simulations with 
analytical calculations and recover the simulation results (see Fig. 1B), which demonstrates that the scaling for-
mula Eq. (1) works well when describing the development of QED cascades. It is shown in Fig. 1C that the Γ+ is 
insentitive to the initial foil plasma density, generalizing this scaling law.
he saturation of Γ+ and the number of e
−e+ pairs against laser intensity can be interpreted through the 
dynamical parameter χ
e
 for electrons in the plasma since this plays a controlling role in the development of the 
QED cascade. he parameter χ
e
 averaged in space and time over the QED cascade as a function of laser intensity 
is shown in Fig. 1D. In the weak-field regime, the χ
e
 is approximately equal to its maximum scaling33 
χ ^ a a2 /
e max s0
2 , implying insigniicant QED cascades. As laser intensity reaches a few 1023 W/cm2, the scaling for 
the average quantum parameter obtained in 2D simulations is strongly modiied to χ ∝ I
e 0
3/4. As discussed by 
Zhang et al.38, considering the case of a standing wave set up by circularly polarised lasers, this is due to radiation 
reaction, which produces two efects: (1) it limits the scaling of the average Lorentz factor of the electrons and 
positrons with a0 to χa e0
1/4 1/6, and (ii) it causes the electric ield of the laser to no longer be perpendicular to the 
electron and positron motion (circular for the case of circularly polarised lasers). For the latter case, a factor 
θ γ= asin /  is introduced into the scaling for χ
e
. Here θ is the angle between the electric ield of the laser and the 
momentum of the electron or positron with Lorentz factor γ, and a is the transient amplitude of the laser ield. 
Note that a modiied classical treatment of radiation reaction has been used to give the scaling for the average 
Lorentz factor in the strong radiation-damping limit mentioned above. his modiied classical treatment includes 
the reduction in the radiated power due to quantum efects but not the stochasticity of the emission process. 
Ridgers et al.39 and Niel et al.40 recently demonstrated that this is suicient for predicting average quantities such 
as χ .
e
 he transition between the weak and strong radiation-damping scalings can clearly be seen in Fig. 1D 
(despite the fact that we have simulated linearly polarised laser pulses). A inal change to the scaling of χ
e
with 
laser intensity occurs when the intensity is suicient to initiate a strong cascade. In this phase a considerable 
amount of laser energy is converted into e−e+ pairs and γ-photons (Supplementary Section S1), and the particle 
number increases dramatically. χ
e
 value inally stops rising and remains nearly constant at 2.3, due to rapid deple-
tion of the incoming laser pulses. As a consequence, the number of e−e+ pairs increases only slowly with the laser 
intensity. heir average Lorentz factor is also found to decrease with the increasing laser intensity.
here is no visible diference between the variation trends of average quantum parameters of the 2D and 3D 
simulations, although the χ
e
 becomes slightly lower in 3D simulations than in 2D simulations (Fig. 1D). In the 3D 
simulation, due to an additional laser dispersion and plasma expansion along the z dimension, particle accelera-
tion in the laser ield lasts for a shorter time, in comparison with the 2D case mentioned herein. In addition, the 
particles created may have a small leak through the additional z-axis. Both of these lead to a bit smaller values for 
both the χ
e
 and Γ+ (Fig. 1C,D). herefore, we see that cascade saturation is delayed slightly compared to the 2D 
case, and the laser energy conversion to e−e+ pairs and γ-photons becomes less eicient in the 3D simulation case. 
It is shown that the laser to particle conversion eiciency is reduced by up to 50–67% when compared to the 2D 
case (Supplementary Section S1).
he onset of cascade saturation occurs at I0 ~ 1.1 I24 and ~1.6 I24 for two and three dimensions, respectively 
(Fig. 1C), above which the saturation efect becomes signiicant. QED cascade saturation leads to highly eicient 
conversion from laser photons to e−e+ pairs (η
pair
) and γ-photons (η
γ−photon
) (Supplementary Section S1). At laser 
intensities exceeding 1.2 I24, the ηpair obtained in the 2D case is 10%, while the ηγ−photon is expected to be ^ 70%. 
his results in a positron yield at I0 = 1.2 I24 of up to 2.7 × 10
12, which is enhanced by ity times compared to that 
achieved at =I0  0.4 I24. he cascade saturation gives rise to a signiicant increase of the pair plasma density, and 
enables new charged particle dynamics to occur, i.e. pair plasma compression and consequent formation of rela-
tivistic e−e+ jets.
e−e+Ǥ To show the pair plasma compression and relativistic 
e−e+ jet formation we present 2D simulations at laser intensities of I0 = 0.4 I24 and 1.2 I24. he diferent laser-plasma 
dynamics of these two cases is shown in Fig. 2 and Supplementary Section S2. At lower intensities, highly relativis-
tic e−e+ pairs are able to collide head-on with incoming laser pulses. hey emit energetic radiation by nonlinear 
Compton scattering and therefore lose a considerable amount of their kinetic energy. As the radiation 
www.nature.com/scientificreports/
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continues, these pairs subsequently become trapped in the nodes of the electric ield in the standing wave (SW) 
created by the colliding pulses17, coinciding with the locations of the minimum of the ponderomotive potential 
(Fig. 2A,B). he pairs remain trapped until the laser pulses have passed (Fig. 2B). his plasma dynamics is referred 
to as normal radiative trapping (NRT)41, which has been reported by Chang et al.23 and Baumann et al.42.
At higher intensities, charged particle dynamics is remarkably diferent. Since the created e−e+ pairs can be 
accelerated to higher averaged Lorentz factors, larger values of spatially averaged χ
i
 are obtained accordingly. he 
trapped e−e+ pairs experience much stronger radiation reaction and laser ponderomotive forces, and then they 
start to migrate away from the electric nodes (Fig. 2C). Such dispersion is favorable to further development of the 
QED cascade, which in turn enhances the radiation loss. Simulations indicate that the dispersed pairs can lose 
almost their entire energy within just a few laser periods. For example, at I0 = 1.2 I24 each positron is able to emit 
on average eight hard photons per laser period with average energy of 30 MeV. Strong QED cascades give rise to 
a continuous increase of the pair plasma density due to eicient laser energy transfer in this system. It is shown 
that two symmetric high-density layers of positron bunches (Fig. 2C) are formed near the vicinity of 
x = (2.50 ± 0.25)λl. hese high-density layers have a peak density of 10
24 cm−3, exceeding the relativistically cor-
rected critical density γ ne c ater t  8.75T0 in this case. Here γe is the avearge Lorentz factor for the pair plasma. 
Such dense plasma becomes opaque to the incident laser pulses, which are partially reflected from the 
high-density layers with a large amount of laser energy absorbed. Consequently, the SW that can be formed at 
lower intensities does not exist when the pair cascade saturates. he electron and positron bunches, which are 
located in the nodes furthest from the centre, are compressed inward from two sides by laser ponderomotive 
forces and pile up around the initial position of the foil (Fig. 2C). During the compression, high-energy e−e+ pairs 
interact with the relected laser pulses and emit hard photons in their propagation directions (Supplementary 
Fig. S2), thus developing QED cascades once again. hese piled-up pair plasmas are ejected simultaneously along 
both transverse and longitudinal directions. he evolving relativistic jets inally display multi-polar symmetry 
patterns in space (see arrows in Fig. 2D).
Figure 2. Density maps of the created positrons (contour proile) and longitudinal proiles of the normalized 
electric ields Ey at y = 0 (solid line) at t = 10T0 [(A,C)] and t = 13T0 [(B,D)]. In (A and B), the lasers with 
intensity of 0.4 I24 are used, and in (C and D) the laser intensity is 1.2 I24.
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High-ield phenomena such as pair plasma compression and the consequent e−e+ jet formation have also been 
observed in more realistic 3D simulations. he contour distributions of foil electrons (upper plots) and created 
positrons (lower plots) at the laser intensity of 1.6 I24 are shown in Fig. 3. It can be seen that foil electrons in the 
laser focus are expelled both longitudinally and transversely by the strong laser ponderomotive force, and then are 
accumulated into high-density rings around the hole-boring area (see Fig. 3A,B). he strong QED cascades result 
in a signiicant increase of the particle density and the produced pair plasmas can be denser than 500nc. Such 
plasma therefore becomes opaque to the incident laser pulses. Consequently, the transient standing wave formed 
at the early stage by the colliding pulses is destroyed and the laser ponderomotive pressure starts to play a domi-
nant role in the compression of outer layers of the e−e+ pairs. he longitudinal compression of the produced e−e+ 
pair plasma along the laser axis is clearly displayed in Fig. 3C,D, where high-density positron layers have migrated 
from the outer nodes of the electric ield towards the initial position of the foil. Such migration is very similar to 
that observed in the 2D simulations (see Fig. 2C,D). Note that due to an additional plasma expansion along the z 
dimension the density of the compressed electron and positron bunches does not rise as fast as in the 2D case, 
thus delaying their arrival at center position of the foil. Furthermore, the e−e+ jet formation in the laser polariza-
tion plane can still be visible, as marked with circle lines in Fig. 3C,D. hese results indicate the phenomenologi-
cally similar behavior of the post-saturation cascade dynamics in 2D and 3D cases.
he dynamics of pair plasma compression and jet formation happens in the regime of cascade saturation and 
is due to the increasing inluence of the pair plasma as it becomes denser, which leads to the strong absorption of 
the laser pulse and so the disappearance of the SW ields. In our scheme, the threshold intensity to cause this 
compression efect is about I24. Furthermore, additional simulations performed with an initially thick plasma slab 
(e.g., 5 µm) at near-critical-density suggest that similar laser-plasma dynamics can be observed as long as the laser 
intensity is above 1024 W/cm2. We should emphasize that such particle dynamics is diferent from both NRT41 and 
anomalous radiative trapping (ART)16, which demonstrates that particles in very intense SWs are compressed 
toward, and oscillate synchronously at, the antinodes of the electric ield. More recently Eimenko et al.18 stressed 
the importance of using ART to produce extreme plasma states in laser-driven e-dipole ield.
Discussion
QED cascade saturation leads to strong depletion of the laser energy in the overlapping region of the two pulses, 
as displayed in Fig. 2D. Highly efficient conversion from laser photons to e−e+ pairs and γ-photons occurs 
Figure 3. 3D contour plots of spatial distributions of foil electrons (upper plots) and created positrons (lower 
plots) at =t T10 0 [(A,C)] and =t T13 0 [(B,D)] for the laser intensity of 1.6 I24. Due to the symmetric structure 
of particle density along the axes, we only intercept one-eighth part of the cube. he yellow circle lines in lower 
pads display the positron jets that are ejected simultaneously along the transverse direction.
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(Supplementary Fig. S1). he 2D QED-PIC simulations show the η
pair
 can reach 10%, which is thirty times higher 
than that (0.28%) achieved by an alternative scheme where two counter-propagating lasers interact with near 
critical density plasmas19. Meanwhile, the γ-photon yield obtained can approach 1015 and the e−e+ yield exceeds 
1013 with peak density of 1024 cm−3 (see Figs 1B and 2D, respectively), which is comparable to the pair density 
expected in some astrophysical objects, such as X-ray pulsars43. As compared with the recent LWFA-aided 
scheme44, both the e−e+ yield and peak density obtained in this scheme are four orders of magnitude higher, 
although the laser intensity considered here is two orders of magnitude larger. he unique relativistic e−e+ jets 
found in this particular laser intensity regime may open up the opportunity of studying relevant energetic astro-
physical phenomena.
Laser-driven QED cascades have recently been shown to strongly modify fundamental plasma physics pro-
cesses such as relativistic transparency25,38 and lead to the harmonics generation45 and the quenching of radiation 
pressure ion acceleration21. hese efects can signiicantly change the achievable charged particle energy. he 
study of QED cascades in the laboratory also opens up the possibility of investigating fundamental strong-ield 
QED efects. Recent work has shown that the helicity of the photons and the electrons & positrons can alter the 
cascade dynamics, potentially leading to the creation of spin-polarized plasmas46,47. Although these efects have 
not been included here, they provide further motivation for studying these laser-driven cascades.
In conclusion, we have studied the development of QED cascades and subsequent nonlinear phenomena in 
counter-propagating laser ields. As laser intensity reaches the order of 1024 W/cm2, QED cascade saturation 
occurs. Such saturation leads to pair plasma cooling and longitudinal compression along laser axis, subsequently 
resulting in the formation of relativistic dense e−e+ jets along transverse directions. hese strong cascade satura-
tion efects and relativistic e−e+ jet formation could be tested experimentally with upcoming high-intensity laser 
facilities such as ELI13 and XCELS14.

Ǥ 2D and 3D simulations with the QED-PIC code EPOCH20,48 were carried out to 
study QED cascade development. he emission of γ-photons via nonlinear Compton scattering49 and the creation 
of e−e+ pairs via multi-photon Breit-Wheeler process50 in the strong laser ields were simulated with a Monte-
Carlo algorithm48. Feedback between the emission processes and the classical macroscopic ields is included as 
well as quantum corrections to the photon emission. In those simulations two counter-propagating, p-polarized 
laser pulses with identical intensity are focused to a spot radius of r = 1 µm. Each pulse has a wavelength of 
λl = 1 µm and a square temporal proile with duration of 9T0. he laser has a super-Gaussian spatial proile with 
electric ield as E ∝ exp (−y5/r5). he two lasers are incident from the let and right boundaries of the simulation 
box at time t = 0 and their fronts reach the target at t = 4T0. In 2D simulations, the simulation box has a size of 
9λl × 8λl with symmetry axis at x = 2.5λl. he foil target, composed of carbon ions and protons with the same 
number density, is placed in the region of x = [2λl, 3λl] with electron density of ne = 280nc. he foil is discretized 
on a spatial grid with the cell size of 10 nm and is represented by 500 macro electrons and 16 macro ions per cell. 
he 3D simulation box is sampled by 450 cells in the laser propagation direction and 80 cells in each transverse 
direction, which corresponds to a physical volume of 9λl × 8λl × 8λl. 100 macro electrons and 4 macro ions per 
cell are placed in the plasma region. Other simulation parameters are kept the same as those in 2D simulations.
Ǥ Since the cascade kinetic equations1, which have been derived to study the cascades 
initiated by high-energy cosmic rays3, cannot be solved analytically in multi-dimensional cases, we use a simple 
approach to describe the QED cascades in a thin foil irradiated by two counter-propagating laser pulses. his 
approach is based on analysis of cascade particle dynamics27,37. For simplicity, we assume that the number of pairs 
grows in a time interval much smaller than the laser period. his assumption can be satisied well in the high-ield 
regime (i.e. 2χ
γ
1), since the probability of pair production becomes signiicant. We also neglect the particle 
displacement between QED events37 and particle leakage from the simulation boundary (note that due to the 
efect of longitudinal compression of pair plasma, it is diicult for the created electrons and the positrons to leak 
out along laser axis), the temporal evolution of the number of e−e+ and γ-photons are given by
= γ
+dN
dt
W N2 ,
(2)
e p
pair
= + − .
γ
γ γ+( )
dN
dt
W N N W N
(3)e p e pair0
Solving the above equations and substituting the initial conditions, we obtain the expressions for the number 
of created e−e+ and hard photons
Γ Γ. + − −+ + +N N exp t exp t N0 5 [ ( ) ( )] , (4)e p e e0 0
Γ
Γ Γ− − .γ
+
+ +N
N
W
exp t exp t
4
[ ( ) ( )]
(5)
e
pair
0
Here Ne0 is the number of foil electrons in the laser focus, and Γ+ is the cascade growth rate and takes a form
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Γ = . + −
γ
+ W
W
W
0 5 (
8
1 1),
(6)
pair
pair
where Wpair and γW  are probability rates of pair production and photon emission, respectively. hen the average 
cascade growth Γ+ (see Fig. 1C) is obtained by substituting the time-averaged probabilities of pair creation and 
photon emission, Wpair and γW , which are given by QED-PIC simulations.
he probability of photon emission is always larger than the probability of pair production in the QED cas-
cade. In the regime of strong QED cascades, as the photon carries away a substantial portion of the electron 
energy and is emitted in the direction of the electron velocity just before emission, we can assume for the sake of 
simplicity χ χ
γ
≃ ≫ 1
e
 so that the ratio 2 .γW W/ 3 8pair 37. his ratio implies that the energy conversion from 
laser to e−e+ pairs should be less than 15–20% (according to the laser energy partition between hard photons and 
e−e+ pairs produced therein), and the cascade growth rate from Eq. (6) should be satisied as 1Γ .+ W2 3 pair. hese 
two implications could be regarded as the physical constraints of the development of QED cascades in extreme 
high ields.
Ǥ The data that support the findings of this study are available from the https://doi.
org/10.15129/ddb55407-5fa-472a-9ada-9bdc3a92ec39.
References
 1. Landau, L. & Rumer, G. he cascade theory of electronic showers. Proc. R. Soc. London, Ser. A 166, 213–228 (1938).
 2. Erber, T. High-energy electromagnetic conversion processes in intense magnetic ields. Rev. Mod. Phys. 38, 626–659 (1966).
 3. Rossi, B. B. High-energy particles (Prentice-Hall, New York, 1952).
 4. Mészáros, P., Ramirez-Ruiz, E. & Rees, M. J. e± pair cascades and precursors in gamma-ray bursts. Astrophys. J. 554, 660–666 (2001).
 5. Medin, Z. & Lai, D. Pair cascades in the magnetospheres of strongly magnetized neutron stars. Mon. Not. R. Astron. Soc. 406, 
1379–1404 (2010).
 6. Blandford, R. D. & Levinson, A. Pair cascades in extragalactic jets. 1: Gamma rays. Astrophys. J. 441, 79–95 (1995).
 7. Blandford, R. D. & Znajek, R. L. Electromagnetic extraction of energy from Kerr black holes. Mon. Not. R. Astron. Soc. 179, 433–456 
(1977).
 8. Curtis, M. F. heory of pulsar magnetospheres. Rev. Mod. Phys. 54, 1–66 (1982).
 9. Wardle, J. F. C., Homan, D. C., Ojha, R. & Roberts, D. H. Electron-positron jets associated with the quasar 3C279. Nature 395, 
457–461 (1998).
 10. Mészáros, P. heories of gamma-ray bursts. Annu. Rev. Astron. Astrophys. 40, 137–169 (2002).
 11. Kataoka, J. et al. Multiwavelength Observations of the powerful gamma-ray quasar PKS 1510–089: Clues on the jet composition. 
Astrophys. J. 672, 787 (2008).
 12. Stappers, B. W., Gaensler, B. M., Kaspi, V. M., Van Der Klis, M. & Lewin, W. H. G. An X-ray nebula associated with the millisecond 
pulsar B1957 + 20. Science 299, 1372 (2003).
 13. he Extreme Light Infrastructure (ELI) oicial website: http://www.eli-laser.eu.
 14. he Exawatt Center for Extreme Light Studies (XCELS) oicial website: http://www.xcels.iapras.ru.
 15. Ji, L. L., Pukhov, A., Kostyukov, I. Y., Shen, B. F. & Akli, K. Radiation-reaction trapping of electrons in extreme laser ields. Phys. Rev. 
Lett. 112, 145003 (2014).
 16. Gonoskov, A. et al. Anomalous radiative trapping in laser ields of extreme intensity. Phys. Rev. Lett. 113, 014801 (2014).
 17. Jirka, M. et al. Electron dynamics and γ and e−e+ production by colliding laser pulses. Phys. Rev. E 93, 023207 (2016).
 18. Eimenko, E. et al. Extreme plasma states in laser-governed vacuum breakdown, arXiv:1708.09636.
 19. Zhu, X. L. et al. Dense GeV electron-positron pairs generated by lasers in near-critical-density plasmas. Nat. Comm. 7, 13686 (2016).
 20. Ridgers, C. P. et al. Dense electron-positron plasmas and ultraintense γ rays from laser-irradiated solids. Phys. Rev. Lett. 108, 165006 
(2012).
 21. Del Sorbo, D. et al. Efficient ion acceleration and dense electron-positron plasma creation in ultra-high intensity laser-solid 
interactions. New J. Phys. 20, 033014 (2018).
 22. Luo, W. et al. Dense electron-positron plasmas and gamma-ray bursts generation by counter-propagating quantum electrodynamics-
strong laser interaction with solid targets. Phys. Plasmas 22, 063112 (2015).
 23. Chang, H. X. et al. Generation of overdense and high-energy electron-positron-pair plasmas by irradiation of a thin foil with two 
ultraintense lasers. Phys. Rev. E 92, 053107 (2015).
 24. Gu, Y. J., Klimo, O., Weber, S. & Korn, G. High density ultrashort relativistic positron beam generation by laser-plasma interaction. 
New J. Phys. 18, 113023 (2016).
 25. Liu, W. Y. et al. Enhanced pair plasma generation in the relativistic transparency regime. Physics of Plasmas 24, 103130 (2017).
 26. Bell, A. R. & Kirk, J. G. Possibility of proliic pair production with high-power lasers. Phys. Rev. Lett. 101, 200403 (2008).
 27. Fedotov, A. M., Narozhny, N. B., Mourou, G. & Korn, G. Limitations on the attainable intensity of high power lasers. Phys. Rev. Lett. 
105, 080402 (2010).
 28. Tang, S., Bake, M. A., Wang, H. Y. & Xie, B. S. QED cascade induced by a high-energy γ photon in a strong laser ield. Phys. Rev. A 
89, 022105 (2014).
 29. Nerush, E. N. et al. Laser ield absorption in self-generated electron-positron pair plasma. Phys. Rev. Lett. 106, 035001 (2011).
 30. Piazza, A. D., Müller, C., Hatsagortsyan, K. Z. & Keitel, C. H. Extremely high-intensity laser interactions with fundamental quantum 
systems. Rev. Mod. Phys. 84, 1177–1228 (2012).
 31. Bulanov, S. S., Schroeder, C. B., Esarey, E. & Leemans, W. P. Electromagnetic cascade in high-energy electron, positron, and photon 
interactions with intense laser pulses. Phys. Rev. A 87, 062110 (2013).
 32. Gelfer, E. G. et al. Optimized multibeam coniguration for observation of QED cascades. Phys. Rev. A 92, 022113 (2015).
 33. Grismayer, T., Vranic, M., Martins, J. L., Fonseca, R. A. & Silva, L. O. Seeded QED cascades in counterpropagating laser pulses. Phys. 
Rev. E 95, 023210 (2017).
 34. Ritus, V. & Sov, J. Quantum efects of the interaction of elementary particles with an intense electromagnetic ield. Laser Res. 6, 
497–617 (1985).
 35. Schwinger, J. Particles, Sources, and Fields (Addison-Wesley, Redwood City, 1988).
 36. Elkina, N. V. et al. QED cascades induced by circularly polarized laser ield. Physical Review Special Topics-Accelerators and Beams 
14, 054401 (2011).
 37. Bashmakov, V. F. et al. Efect of laser polarization on quantum electrodynamical cascading. Phys. Plasmas 21, 013105 (2014).
 38. Zhang, P., Ridgers, C. P. & homas, A. G. R. he efect of nonlinear quantum electrodynamics on relativistic transparency and laser 
absorption in ultrarelativistic plasmas. New J. Phys. 27, 043051 (2015).
www.nature.com/scientificreports/
8SCIENTIFIC REPORTS |  (2018) 8:8400 ȁǣ ? ?Ǥ ? ? ? ?Ȁ ? ? ? ? ?Ǧ ? ? ?Ǧ ? ? ? ? ?Ǧ ?
 39. Ridgers, C. P. et al. Signatures of quantum efects on radiation reaction in laser-electron-beam collisions. Journal of Plasma Physics 
83, 715830502 (2017).
 40. Niel, F., Riconda, C., Amiranof, F., Duclous, R. & Grech, M. From quantum to classical modeling of radiation reaction: A focus on 
stochasticity efects. Phys. Rev. E 97, 043209 (2018).
 41. Kirk, J. G. Radiative trapping in intense laser beams. Plasma Physics and Controlled Fusion 58, 085005 (2016).
 42. Baumann, C. & Pukhov, A. Inluence of e−e+ creation on the radiative trapping in ultraintense ields of colliding laser pulses. Phys. 
Rev. E 94, 063204 (2016).
 43. Ventura, J., Nagel, W. & Mészáros, P. Possible vacuum signature in the spectra of X-ray pulsars. Astrophys. J. 233, L125–L128 (1979).
 44. Blackburn, T. G., Ridgers, C. P., Kirk, J. G. & Bell, A. R. Quantum radiation reaction in laser-electron-beam collisions. Phys. Rev. Lett. 
112, 015001 (2014).
 45. Yu, J. Y. et al. QED efects induced harmonics generation in extreme intense laser foil interaction. Plasma Phys. Control. Fusion 60, 
044011 (2018).
 46. King, B. Double Compton scattering in a constant crossed ield. Phys. Rev. A 91, 033415 (2015).
 47. Del Sorbo, D. et al. Spin polarization of electrons by ultraintense lasers. Phys. Rev. A 96, 043407 (2017).
 48. Ridgers, C. P. et al. Modelling gamma-ray photon emission and pair production in high-intensity laser-matter interactions. J. 
Comput. Phys. 260, 273–285 (2014).
 49. Burke, D. L. et al. Positron Production in Multiphoton Light-by-Light Scattering. Phys. Rev. Lett. 79, 1626 (1997).
 50. Breit, G. & Wheeler, J. A. Collision of Two Light Quanta. Phys. Rev 46, 1087 (1934).

his work was funded by the National Basic Research Program of China (Grant No. 2013CBA01504) and the 
National Natural Science Foundation of China (Project Nos 11347028, 11405083, 11421064, and 11675075). W.L. 
appreciates the support from China Scholarship Council and the Natural Science Foundation of Hunan Province, 
China (Grant No. 2018JJ2315). M.C. appreciates the support from National 1000 Youth Talent Project of China. 
Z.M.S. acknowledges the support of a Leverhulme Trust Research Project Grant and the U.K. EPSRC (Grant No. 
EP/N028694/1). C.P.R. and D.D.S. acknowledge the U.K. EPSRC (Grant No. EP/M018156/1). Simulations were 
performed on the Π Supercomputer at Shanghai Jiao Tong University, the Tianhe II supercomputer at Guangzhou 
and the ARCHIE-West High Performance Computer at University of Strathclyde.

W.L., M.C., and Z.M.S. conceived the idea presented in the manuscript. W.Y.L., T.Y., and J.Y.Y. carried out 
the simulations. W.L., and W.Y.L. performed the data analysis. W.L., M.C., F.Y.L., D.D.S., C.P.R., and Z.M.S. 
contributed to clarifying physical details and the writing of the manuscript. All authors discussed the results, 
commented on the manuscript, and agreed on the contents.

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-26785-8.
Competing Interests: he authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional ailiations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. he images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© he Author(s) 2018
